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Abstract. Near-fault ground motions with long-period 1 Introduction
pulses have been identified as being critical in the design of

struc_tures. Tth(ej)fse Tonons, \;th'Ch khave cauied steve_zreddsrwh”e nonlinear response history analysis is the most power-
age In recent disastrous earthquaxes, areé characternzed bytg ang most difficult procedure for the estimation of seismic
short-duration impulsive motion that transmits large amountSye nands. current structural engineering practice uses a non-

of energy into the structures at the beginning of the earth'Iinear static procedure otherwise known as pushover anal-
quake. In nearly all of the past near-fault earthquakes, signif-

. . o k . ysis. The method is relatively simple and considers post-
icant higher mode contributions have been_ ewgient n b_u'ld'elastic behaviour. It, however, involves certain simplifica-
Ing structures_near the faul_t ruptl_Jre, resulting in the MIdra~ions that result in approximations in the seismic demand
tion of dypam|c demands (i.e. dnfts) fro.m the lower to the predictions, in particular for seismic events in which signif-
upper stprles._pue to this, the static nonlln.ear pushover anal|'cant higher mode contributions do exist, such as near-fault
ysis (which utilizes a load pattern proportional to the shape

L earthquakes having fling step.
of the fundamental mode of vibration) may not produce ac- The near-fault region of an earthquake can be defined as

f:urat((je results fwhlen use<(jj n the an_?lr?/ S'Sbe S_trUCt;Jrﬁ_s Schhe area in close proximity to the fault rupture. Besides strong
jectg to neartau t ﬁroun mot|on?, h eo ]ﬁCt'Ve 0 th'sé)"f"shaking, the characteristics of near-fault ground motions are
per is to improve the accuracy of the pushover method iNy,qq 1o the fault geometry and the orientation of the trav-

these situations by introducing a new load pattern into theeIIing seismic waves (Somerville, 2000). Figure 1 portrays

common pushoyer pro_cedur_e. Several pushover_aqalyses Affe three zones of directivity, with the star representing the
performed for six existing reinforced concrete buildings thatepiCentre and the black line indicating the fault rupture. The

possess a variety of natural periods. Then, a comparison 'ﬁjpture directivity pulse is oriented in the strike-normal di-
made between the pushover analyses’ results (with four nevy,

load dth B deral ection and the static ground displacement (fling step) is ori-
oa patte/:ns) an t35065e QhFE';AA (Federa Erperger:jcy Ma.n'ented parallel to the fault strike. Fling step is a result of the
agement Agency)- with reference to nonlinear dynamicg, o tion of residual ground displacement due to tectonic

tlr:ne-h|story :nalyies. The cEmdpa_rlslgn Ehows that,lgelz]erally eformation associated with rupture mechanism. This phe-
the proposed pushover method yields better results than ag,manon is characterized by a unidirectional large amplitude

FEMA-356 pushover analysis procedures for all investigate elocity pulse and a monotonic step in the displacement time

response quantities and is a closer match to the nonllneaHistory (Somerville, 2000). It arises the strike parallel direc-

time-history responses. In general, the method is able to "Cion for strike slip faults or in the strike normal direction

produce the essentia_ll response fe_atures providing a reasogy, dip-slip faults. In general, the permanent displacement
able measure of the likely contribution of higher modesinall ;o ./ sidered as the pseudo-static deformation and its fre-

phases of the response. quency is smaller than that of the forward directivity pulse.
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gence to a specified tolerance is reached:

Sile A
AU =[K7]™t. (r.Po— P?) (1)
Where:
Meulrl
— AU is the calculated displacement increment within an
Forward iteration.
lipicenter ) ) ) )
— K is the current nonlinear stiffness matrix.
— Ais the load factor within the corresponding load incre-
Reverse Menfral ment.

Py is the initial load.

P€is the equilibrated load of the previous iteration.

Fig. 1. Zones of directivity (Somerville, 2000).

P = Zf BT.onL.dV (2)
\Y

The velocity and displacement time histories of typical
near-fault ground motions having fling step (such as the
Sakarya record of the 1999 Kocaeli earthquake) are com-
pared to those histories of ordinary far-fault motion (such
as the Taft record of the 1952 Kern County earthquake) in
Fig. 2. This figure shows that the fault-parallel component The procedure continues either until a predefined limit
of the Sakarya record exhibits apparent tectonic deformatiorstate is reached or until structural collapse is detected. This
at the end of the displacement time history that is a typicaltarget limit state may be the deformation expected for the de-
signature of the fling step. sign earthquake, in the case of designing a new structure, or

In this study, it is intended to improve the accuracy of the drift corresponding to structural collapse for assessment
the pushover procedure and to ascertain its validity and appurposes. Generally, this procedure allows the tracing of the
plicability for near-fault earthquake analysis by introducing sequence of yielding and failure at the member and structure
new lateral load configurations into the procedure. The reqevel, as well as the progress of the overall capacity curve of
sults from these pushover analyses are checked against fulhe structure (Fig. 4).
nonlinear time-history analysis results in order to prove their The use of inelastic static analysis (pushover) in earth-
validity. The earthquake recordings used for the analysis arguake engineering is traced to the work of Gulkan and
carefully compiled so as to reflect characteristics typical ofSozen (1974), where a single degree of freedom system is de-
near-fault records having fling step. rived to represent the multi-degree of freedom structure via

an equivalent structure.

Since the publication of FEMA (Federal Emergency Man-

2 Background agement Agency)-356, pushover methods have been the sub-

ject of several studies (Krawinkler and Seneviratna, 1998;
Pushover analysis is essentially the nonlinear incrementalTso and Moghadam, 1998; Satyarno et al., 1998; Wight et
iterative solution of the equilibrium equatidfU = P in a al., 1999; Mwafy and Elnashai, 2001). An adaptive proce-
finite element formulation, whet¢ is the nonlinear stiffness  dure is described in the paper by Bracci et al. (1997). The
matrix, U is the displacement vector ailis a predefined procedure was implemented in the dynamic analysis pack-
load vector (Fig. 3) applied laterally over the height of the age IDARC (Inelastic Damage Analysis of Reinforced Con-
structure in relatively small load increments. The analysis iscrete) (Kunnath et al., 1992) and was proven to provide ac-
often performed in two stages: load controlled and displace-curate results for the structure considered. However, numer-
ment controlled. The former stage occurs prior to signifi- ical tests conducted by Lefort (2000) showed that the above
cant yielding and the latter after significant yielding where procedure grossly underestimated the strength, compared to
the force-displacement curve does not ascend as quickly. Fanelastic dynamic analysis using IDARC. The drawbacks
the displacement controlled part, at the end of each iteratiorin pushover methods using invariant FEMA-based lateral
the reaction vectorR¢) of the structure is calculated from load patterns have led to alternative pushover strategies. The
the assemblage of all finite element contributions. The out-multi-mode pushover (Sasaki et al., 1998) tries to incorpo-
of-balance forces are then iteratively re-applied until conver-rate higher modes by considering multiple pushover curves

B is the strain-displacement matrix of each element.

— onL is the element nonlinear stress vector as determined
by its material constitutive law.
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A. Mortezaei and H. R. Ronagh: A new PA procedure for fling step ground motions

1581

200
1504

g 1003
s "
€ 503
e e CNO VU SR P AP U NI SIS R = N S
z- ]
G -50
S -100]
g -1003

-150.

200 T T T T T T T T T T

5 10 15 20 25 30 35 40 45 50
Time [sec]

200
— 150
5 100
€ 50
@
E 0 PR S
8
§ 50
&-100
9 _150

-200

5 10 15 20 25 30 35 40 45 50

Time [sec]

(a) Taft record of 1952 Kern County earthquake

Velocity [cm/sec]
o
1

Displacement [cm]
o

-200

£ o
] N A
= W -
5 10 15 20 25 30 35 40 45 50 55
Time [sec]
/ /\ﬂ._
0 5 10 15 20 25 30 35 40 45 50

Constant 12ad patiem

Time [sec]

(b) Sakarya record of 1999 Kocaeli earthquake

S
&

.

Fig. 3. Load pattern in pushover analysis.
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Fig. 2. Typical velocity and displacement time historieqaf far-fault and(b) near-field (fling step) ground motions.

derived from different modal force patterns. The adaptive
pushover method developed by Gupta and Kunnath (2000)
uses a varying load pattern that pushes and pulls the structure
by combining modes at different stiffness states of the struc-
ture. Chopra and Goel (2002) proposed a modal pushover
technique that combines the response of individual modal de-
mands with reasonable success.

The recently developed modal pushover analysis (MPA)
for estimating seismic demands on buildings has been shown
to be a significant improvement over the pushover analysis
procedures currently used in structural engineering practice.
None of the current invariant force distributions account for
the contribution of higher modes to the response or for the
redistribution of inertial forces because of structural yielding.

Kalkan and Kunnath (2006) proposed a new pushover
analysis procedure derived through adaptive modal combi-
nations (AMC) for evaluating the seismic performance of
building structures. The AMC procedure accounts for higher
mode effects by combining the response of individual modal

Nat. Hazards Earth Syst. Sci., 13, 15[383 2013
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Fig. 5. Structural configuration dfa) 3-, 6- and 10-storey; an(h) 14-, 16- and 19-storey buildings.
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Fig. 6. Elastic acceleration response spectra of far-fault ground mo+ig. 7. Elastic acceleration response spectra of near-fault ground
tion recordings used in the evaluation of each building. motion recordings used in the evaluation of each building.
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Fig. 9. Peak displacement profiles for the 6-storey building Wéhv/W=cte, (b) Utop/H=cte.

pushover analyses and incorporates the effects of varyings verified with numerical examples of 5-, 9- and 22-storey
dynamic characteristics during the inelastic response via itduildings. It was concluded that the improved MPA proce-
adaptive feature. A novel feature of the procedure is that thedure is more accurate than either the pushover analysis pro-
target displacement is estimated and updated dynamicallgedure or the MPA procedure. In addition, the proposed pro-
during the analysis by incorporating energy-based modaktedure avoids a large computational effort by adopting a two-
capacity curves in conjunction with constant-ductility capac-phase lateral force distribution. Huang and Kuang (2009)
ity spectra. Turker and Irtem (2007) presented an effectivanvestigated the applicability of pushover analysis for seis-
multi-modal and adaptive pushover analysis (PA) proceduremic evaluation of medium-to-high-rise shear-wall structures.
for the determination of earthquake response of building-typeThe results of the analysis were compared with those from
structures affected from the higher modes. the pushover procedure. It was shown that pushover analy-
In the traditional pushover, both the force distribution and sis generally underestimates interstorey drifts and rotations,
the target displacement are based on the assumption thai particular those at upper stories of buildings, and overesti-
the response is controlled by a fundamental mode that remates the peak roof displacement at the inelastic deformation
mains unchanged throughout. Such invariant force distribu-stage. It was shown that neglecting higher mode effects in the
tions cannot account for the redistribution of inertia forces analysis will significantly underestimate the shear force and
caused by structural yielding and the associated changesverturning moment.
in the vibration properties, including the increase of higher Several researchers (Chopra and Goel, 2002; Jan et al.,
mode participation. In order to overcome such drawbacks2004) have proposed enhanced pushover procedures to ac-
adaptive pushover techniques were proposed. In order to ineount for higher mode effects while retaining the simplicity
vestigate the effectiveness of these new pushover schemed invariant load patterns. These improved procedures uti-
in assessing bridges subjected to seismic action, Pinho dize the concept of modal combinations, either through a
al. (2007) carried out an analytical parametric study on asingle pushover analysis where the load vectors reflect the
suite of continuous multi-span bridges. Mao et al. (2008) pre-contributions from each elastic mode-shape considered, or
sented an improved MPA procedure to estimate the seismithrough multiple pushover analyses using invariant load pat-
demands of structures, considering the redistribution of inerterns based on elastic mode shapes where the contribution
tia forces after the structure yields. This improved procedurefrom each mode is combined at the end.

www.nat-hazards-earth-syst-sci.net/13/1579/2013/ Nat. Hazards Earth Syst. Sci., 13, 151883 2013
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Fig. 11.Interstorey drift for 3-storey building witfe) V/W=cte, (b) Utop/H=cte.

All these enhanced procedures have been shown to pro- The AMC procedure derives its fundamental scheme
vide improved estimates of interstorey drift values comparedfrom the adaptive pushover procedure of Gupta and Kun-
to conventional nonlinear static-procedures (NSPs) using innath (2000) by recognizing the need to modify applied lateral
verted triangular, uniform, or other lateral load patterns basedoads as the system responds to the applied earthquake load.
on direct modal combination. In this study, the inability of pushover methods to predict

Amongst pushover analysis procedures that are able tademands for near-fault ground motions having fling step is
consider the higher mode effects, three procedures ardemonstrated and a new procedure for predicting the nonlin-
most notable: modal pushover analysis — MPA (Chopra ancear behaviour of RC buildings is proposed.

Goel, 2002), adaptive modal combination — AMC procedure

(Gupta and Kunnath, 2000) and incremental response spec-

trum analysis — IRSA (Aydinoglu, 2003, 2004). These proce-3 Description of the proposed procedure

dures are able to estimate the nonlinear deformation demands

under a given earthquake and are therefore suitable for use im practical applications it is required that inelastic spectral
a deformation-based seismic evaluation/design process.  displacementis calculated in a simple manner, preferably us-

The standard response spectrum analysis (RSA) for elasng the code-specified smoothed response spectrum, where
tic buildings is reformulated as an MPA. The peak responsehe well-knownequal displacement rulean be effectively
of the elastic structure due to its n-th vibration mode canutilized. According to this simple and well-known rule, spec-
be exactly determined by pushover analysis of the structureral displacement of an inelastic SDOF (single degree of free-
subjected to lateral forces distributed over the height of thedom) system and that of the corresponding elastic system
building according t&, =mg,, where m is the mass matrix are assumed to be practically equal to each other, provided
andg;, its n-th mode, and the structure is pushed to the roofthat the effective-initial period of the former is longer than
displacement determined from the peak deformation of thethe characteristic periodf the earthquake. The characteris-
n-th-mode elastic SDF system. Combining these peak modatic period is approximately defined as the transition period
responses by the modal combination rule leads to the MPArom the constant acceleration segment to the constant ve-
procedure. locity segment of the response spectrum. For periods shorter

than the characteristic period, elastic spectral displacement is

Nat. Hazards Earth Syst. Sci., 13, 15794593 2013 www.nat-hazards-earth-syst-sci.net/13/1579/2013/
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profiles for 3-storey building.

appropriately amplified. But, an exception to this commonly
accepted rule is the near-fault ground motions with fling step

1. Run a linear RSA with a sufficient number of modes

effect. Hence, to solve this problem, in the proposed method,
a new procedure for determination of lateral load distribution 5.

with respect to the near-fault ground motions with fling step

effect is proposed.

Analysis steps of the proposed procedure, which are de-

tailed fully in Mortezaei (2010), are summarized below:

www.nat-hazards-earth-syst-sci.net/13/1579/2013/

by considering the instantaneous second-order stiffness
matrix corresponding to the current plastic hinge con-
figuration.

. Determine the moment—curvature relationships based

on the conditions of beams and columns using the ma-
terial and cross-sectional properties.

. Determine the response quantities (internal forces,

nodal displacements, etc.) for gravity loads. Consider
the effects of the axial forces on element stability func-
tions. Check whether or not any plastic section occurs
in the structural system due to gravity loads.

. ldealize the structural system stiffness matrix for re-

quired degrees of freedom and obtain the dynamic stiff-
ness matrix. Perform free vibration analysis, determine
the modal properties of the structural system with plas-
tic sections, and then determine the unit modal lateral
load distribution for all of the considered modes.

Apply unit modal load distributions to the system (mod-
ified due to plastic behaviour) independently and obtain
modal response quantities for each mode considered in
the analysis. Then, combine modal quantities using the
appropriate modal combination rule, and determine the

Nat. Hazards Earth Syst. Sci., 13, 15[883 2013
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combined response quantities due to the unit load incre- Permanent and imposed loads are assumed to be: dead
ment. Assign the sign of effective mode in the currentload of storey level, 5.5KPa; dead load of roof, 6 KPa;
step to the combined response quantities in order to uselead load of partitions, 1 KPa; dead load of external walls,
it in the yield conditions. 2.5KPa; live load of storey levels, 2KPa; and live load of

roof, 1.5 KPa.
6. Determine the location of the plastic section and the re-

lated load increment factor at the current step by using _ o
yield conditions for all critical sections. Then, obtainre- 5 Comparative study of seismic demands

sponse quantities at the current step.
P a P The six buildings described in the previous section are evalu-

7. Modify properties of the structural system due to plas- ated using nonlinear static and nonlinear dynamic procedures
tic behaviour and repeat the process until the instabilityto compare the resulting demands. In the case of static ap-
limit state of the system is reached. When the structuralproaches, the following lateral load configurations were con-
system reaches this limit state, the determinant of thesidered:
stiffness matrix of the system modified due to plastic
behaviour is negative or zero, that is, the stiffness ma-
trix loses its positive definite attribute.

NSP-1

The inverse triangular distribution, often suggested in build-
The proposed methodology integrates the inherent advannd codes, considers that the structure is subjected to a lin-

tages of the capacity spectrum method and the modag@r distribution of the acceleration throughout the building
pushover procedure, and at the same time eliminates the nedt§ight. The force increment at each step for storéys‘cal-

to pre-estimate the target displacement. culated according to
Wih;
AF; = ————AW, 3)
4 Description of buildings used for evaluation S Wik
=1

Six existing reinforced concrete special moment-resis:tingwh -
L . ereW; andh; are the storey weight and the storey eleva-
frame buildings of 3, 6, 10, 14, 16 and 19 stories were se- ! ' y weig y

. ; .~ >~tjon, respectively, and V; is the increment of the building
lected as representative case studies to evaluate their seis
! ) se shear.

demands when subjected to near-fault ground motions hav-
ing fling step, and to compare the respective responses to typNSp-2
ical far-fault ground motions. These buildings were designed
in compliance to the Iranian Code of Practice for Seismic Re-The uniform distribution considers a constant distribution of
sistant Design of Buildings (2005). The buildings with three, the lateral forces throughout the height of the building, re-
six and ten stories possess a moment-resisting frame systegardless of the storey weights. The force increment at each
and the buildings with fourteen, sixteen and nineteen storiesstep for storey{” is given by
a wall-frame system. The rectangular plan of all buildings AVh
measures 30m 25 m. The floor plans are shown in Fig. 5. AF; = —, 4)
The columns are embedded into grade beams and anchored _ _ _
to the top of the pile cap, essentially restraining disp|ace_where_AVb is the mcrementmthe_ ba_se shear_of_the structure,
ments and rotations in all directions. The buildings are as-and N is the total number of stories in the building.
sumed to be fixed at the base with a damping ratio of 5%
in all modes, and the floors are rigid diaphragms with in- NSP-3
finite in-plane stiffness. The sections of structural elementsr . e .

I ) he generalized power distribution was introduced to con-
are square and rectangular and their dimensions are changed

; . ) ) Sider different variation of the storey accelerations with the
at different stories. The slab thickness is 10 cm. For the Sal(%torey elevation. This distribution was introduced to capture

(r)rjei:?gtfyt’htzigztjorpen al‘)r;?l dt;ﬁarp];/';nggz:?ﬂ;nginr?;]g?ergel'different modes of deformation, and the influence of higher
y 9 modes in the response. The force increment at flobis*

and 2. Storey heights of buildings are assumed to be CoNZ - culated according to
stant with the exception of the ground storey. The modulus 9

of elasticity (Young’s modulusk = 30 KPa, Poisson’s ratio W,»th
v = 0.20 and the mass density= 24 kN m2 are assumed Fi=— P v, ®)
in all models. The uniaxial strength for nonlinear modelling Zlehj

j:

of the concrete is considered to be 35 MPa. The rebar is mod-
elled as steel with yield strength of 400 MPa and an ultimatewherek is the parameter that controls the shape of the force
strength of 600 MPa. distribution.

Nat. Hazards Earth Syst. Sci., 13, 15794593 2013 www.nat-hazards-earth-syst-sci.net/13/1579/2013/
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Table 1. Dimensions and amount of reinforcement of columns and shear walls in the 10-storey building.

. Corner column Perimeter column Internal column Shear wall
Building Storey
Dim. Reo. Dim. Reo. Dim. Reo. Thickness
(cm) (mmy (cm) (mmy (cm) (mmy? (cm)
1 60x 60 2100 60x 60 1880 60x 60 1930 -
2 60 x 60 1200 60x 60 1200 60x 60 1200 -
3 60x 60 1200 60x 60 1200 60x 60 1200 -
4 60x 60 1200 60x 60 1200 60x 60 1200 -
5 50x 50 910 50x 50 1335 50x 50 950 -
10 storey 6 50x 50 840 50x 50 910 50x 50 840 -
7 50x 50 840 50x 50 900 50x 50 840 -
8 40x 40 775 40x 40 1070 40« 40 840 -
9 40x 40 600 40x 40 880 40x 40 600 -
10 40x 40 600 40x 40 880 40x 40 600 -

Table 2. Dimensions and amount of reinforcement of beams in 10 storey-building.

Beams of external frames Beams of internal frames
Type 4 Type 3 Type 2 Type 1

Storey

Dim. Reo. (mn?) Dim. Reo. (mn?) Dim. Reo. (mn?) Dim. Reo. (mn?r)

(cm) (cm) (cm) (cm)

hx w hx w hx w hx w

Bot. Top Bot. Top Bot. Top Bot. Top

1 60x 50 1316 1664 6& 50 1108 1583 6& 50 1176 1670 6& 50 1104 1593
2 60x 50 1685 2071 6& 50 1488 1972 6& 50 1532 2093 6& 50 1484 1981
3 60x 50 1728 2141 6& 50 1566 2054 6& 50 1568 2176 6& 50 1562 2059
4 60x 50 1764 2181 6& 50 1564 2043 6& 50 1600 2223 6& 50 1557 2055
5 50x 45 1484 1931 5& 45 1276 1823 5& 45 1298 1965 5& 45 1270 1835
6 50x 45 1393 1860 5& 45 1221 1770 5& 45 1203 1903 5& 45 1214 1778
7 50x 45 1287 1737 5& 45 1076 1607 5& 45 1103 1779 5& 45 1066 1625
8 40x 40 947 1424 4 40 711 1334 4 40 738 1449 4 40 702 1352
9 40x 40 665 1157 4 40 529 1100 4% 40 570 1190 4 40 533 1110
10 40 x 40 495 760 40< 40 473 727 40« 40 502 773 40« 40 492 757

The recommended value fbmay be calculated as a func- pushover forces are not modified to account for the new stiff-

tion of the fundamental period of the structuf@{( ness distribution, the structure is forced to respond in a way
that may considerably differ from what an earthquake may

k=10 forT <0.5s impose on the structure.

k=20 forT>25s (6) The modal adaptive distribution was developed to capture

k=1+ T_TO‘S otherwise the changes in the distribution of lateral forces. Instead of

a polynomial distribution, the mode shapes of the structure
are considered. Since the inelastic response of the structure
will change the stiffness matrix, the mode shapes will also be
affected, and a distribution proportional to the mode shapes
will capture this change. If the fundamental mode is consid-

Nevertheless, any value fbrmay be used to consider differ-
ent acceleration profiles. Note that= 0 produces a constant
variation of the acceleration, while= 1 produces a linear
variation (inverted triangle distribution), ard= 2 yields a

parabolic distribution of storey accelerations. ered, the increment in the force distribution is calculated ac-
NSP-4 cording to

Wigi1 old
The modal adaptive distribution differs markedly from all AFi=——W—-F", ("

previous cases in that the storey force increments are not > Wivin

constant. A constant distribution throughout the incremental i=1

analysis will force the structure to respond in a certain form.whereg;1 is the value of the first mode shape at storgy “
Often the distribution of forces is selected considering forceVy is the new base shear of the structure, EﬁH is the force
distributions during an elastic response; however, it is clearat floor “i” in the previous loading step.

that when the structure enters the inelastic range, the elastic The modal adaptive distribution may be extended to con-

distribution of forces may not be applicable anymore. If the sider the contribution from more than one mode. In this case

www.nat-hazards-earth-syst-sci.net/13/1579/2013/ Nat. Hazards Earth Syst. Sci., 13, 18[/883 2013
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Table 3. Target displacement and periods of buildings.

onagh: A new PA procedure for fling step ground motions

Buildings 3storey 6storey 10storey 14 storey 16 storey 19 storey
Period (s) 0.74 1.16 15 1.88 2.24 2.92
Response coefficient 1.92 1.43 1.20 1.03 0.92 0.77
Target displacement (cm) 9.1 17.2 24.2 325 41.3 58.7
Table 4. Far-field ground motion database.
NO. Earthquake Year Station Comp. yM Dis. PGA PGV PGD
(km) @ emsh)  (cm)
1 Kern County 1952 Taft 111 74 81 0.17 17.47 8.83
2 Tabas 1978 Dayhook TR 7.4 107 0.4 26.17 9.1
3 Imperial Valley 1979 Calexico 225 6.5 90.6 0.27 21.23 8.98
4 Loma Prieta 1989 Presidio 000 6.9 831 0.099 12.91 4.32
5 Loma Prieta 1989 Cliff House 90 6.9 844 0.107 19.78 5.06
6 Manijil 1990 Abbar L 7.3 74 0.51 42.46 14.92
7 Kocaeli 1999 Ambarli 90 74 789 0.18 33.22 25.84

the mode shapes are combined using the Square Root of the— C1: coefficient of stiffness and structural element

Sum of the Squares (SRSS) method and scaled according

to their modal participation factor. The incremental force at

storey ‘i” is calculated according to
1
nm 2 /2
Wil X (eiT)

AF; = = Vb F', 8)

n nm 2 /2

S Wil X (eT))

=1 j=1

where®;; is the value of mode shapg™at storey %", T'j
is the modal participation factor for modg™; Vj, is the new
base shear of the structure, aRfi? is the force at floor ”

in the previous loading step.

5.1 Target displacement

Each of the six building models was subjected to the four lat-

eral load patterns enumerated above, until the roof reached

strength degradation for the sake of plastic behaviour.

— C7 and(Cs: coefficients that are calculated according to
the FEMA-356.

— Sa: spectral acceleration.

Using this, target displacements of buildings were calculated
as shown in Table 3.

6 Ground motion database

The validity of pushover procedures based on the four in-
variant load distributions is examined using the results of
nonlinear time-history analyses as a benchmark. The ground
motion database compiled for nonlinear time-history (NTH)
analyses constitutes a representative number of far-fault and
near-fault ground motions from a variety of tectonic envi-
ronments. A total of 14 records were selected to cover a

specified target displacement. The target displacements wel@"g€ of frequency content, duration and amplitude. Near-

computed using the provisions in FEMA-356 (2000). As an

fault records were chosen so as to consider the presence of

empirical method, target displacement can be calculated adling step effects. Hence the assembled database can be in-

cording to EqQ. 9):

2

T
8 = CoC1C2C35a 758,
4

©)
where
— T,: fundamental effective period of building.

— Co: corrective coefficient for relation between spectral

vestigated in two sub-data sets. The first set contains seven
ordinary far-fault ground motions recorded within 90 km of
the causative fault plane from earthquakes in the magni-
tude (M) range of 6.5-7.4. The second set includes seven
near-fault ground motions characterized with fling step ef-
fect. These records are from earthquakes having a magni-
tude (Mw) range of 6.5-7.4 and are recorded at closest fault
distances of 0.0-10km. Information pertinent to the ground
motion data sets including station, component of earthquake

displacement of a single degree of freedom system andnd peak ground acceleration (PGA), peak ground veloc-

roof displacement of a multi-degree freedom system.

Nat. Hazards Earth Syst. Sci., 13, 1579593 2013

ity (PGV), and peak ground displacement (PGD) of records
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Table 5. Near-field ground motion database.

NO. Earthquake Year Station Comp. yM Dis. PGA PGV PGD

(km) (9) ems1)  (cm)
1 Kocaeli 1999 Sakarya 90 7.4 3.1 0.37 79.49 70.56
2 Chi-Chi 1999 TCUO052 N 76 0.24 0.41 118.51 246.27
3 Chi-Chi 1999 TCUO052 W 7.6 0.24 0.34 159.04 184.51
4 Chi-Chi 1999 TCUO068 N 7.6 1.09 0.46 263.1 430.0
5 Chi-Chi 1999 TCU068 W 76 1.09 0.56 176.65 324.27
6 Chi-Chi 1999 TCUO072 W 7.6 1.79 0.3 112.47 89.23
7 Chi-Chi 1999 TCU128 W 7.6 9.7 0.139 73.06 90.66

Table 6. Summary of ductility demands for 3-storey building.

Proposed NSP-4 NSP-3 NSP-1 Demands Storey

51 4.2 3.9 3.4 Total

115 9.4 8.4 4.1 Storey

151 13.6 12.2 4.8 Column  First storey

14.4 12.8 11.2 5.0 Beam

7.1 6.8 6.4 4.8 Storey

48 41 3.0 3.8 Column Second storey
9.1 8.9 9.9 8.3 Beam

24 29 3.5 4.9 Storey

3.4 41 48 31 Column Third storey

2.7 3.2 3.9 8.0 Beam

ing method adopted in this study is based on the FEMA-

1000 recommended guideline for the expected peak roof displace-

900 ment.
800 - <«—Proposed
g 700 -
< 600 - —e—NSP-1 . . .
§ 500 s NSP3 7 Evaluation of seismic demands
% 400 - —o—NSP-4 ] ) ) )
S 300 | —a— Proposed The estimated demands using the different nonlinear proce-
(2]
200 - dures are evaluated at the global and storey levels. Global de-
102 ] mands refer to the displacement profile of the building at the
0 50 100 150 200 peak roof displacement and the base shear vs roof displace-

Roof Displacement (mm) ment response. At the storey level, the interstorey drift val-
ues (relative drift between two consecutive stories) are com-
Fig. 15.Base shear vs roof drift response using different lateral loadpared.

profiles for 10-storey building.

7.1 Global demands

To enable direct comparison with demands estimated from
are presented in Tables 4 and 5, and their elastic acceleratiathe pushover procedure using the four lateral load patterns,
response spectra are shown in Figs. 6 and 7. estimates of global demand from the NTH analyses for three

To facilitate the comparison with pushover analyses, thebuildings are shown in Figs. 8 through 10. The mean magni-
selected ground motions are scaled so that the resulting pedlkides at each storey for each record correspond to the max-
roof displacement is equal to the target displacement comimum demand at that storey throughout the duration of the
puted for each building. A conventional technique is to scaleevent. Section (a) of the figures relates to constant ratio of
ground motions such that the spectral acceleration at the funshear force to building weight and section (b) of the fig-
damental period matches a given design spectrum. The scalies relates to constant ratio of roof displacement to building
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Table 7. Summary of ductility demands for 6-storey building.

Proposed NSP-4 NSP-3 NSP-1 Demands Storey

6.2 5.8 5.2 4.4 Total
11.6 9.6 8.3 5.8 Storey

12.4 10.6 9.5 6.5 Column  First storey
12.9 11.4 10.7 7.7 Beam

5.1 5.1 5.1 5.0 Storey

3.6 2.8 25 1.2 Column  Third storey
7.2 6.9 7.2 6.3 Beam

1.5 2.5 34 4.5 Storey

0.0 0.0 0.0 0.0 Column  Fifth storey
1.7 1.5 3.7 54 Beam

Table 8. Summary of ductility demands for 10-storey building.

Proposed NSP-4 NSP-3 NSP-1 Demands Storey

6.4 5.7 5.0 4.5 Total
12.9 11.8 9.6 7.3 Storey

16.5 13.8 12.6 8.3 Column  First storey
17.2 15.3 12.2 8.4 Beam

6.8 6.5 6.1 5.8 Storey

1.7 1.8 1.9 2.3 Column  Third storey
10.0 8.5 7.5 7.7 Beam

3.6 4.0 4.6 54 Storey

2.3 2.2 2.0 1.4 Column  Fifth storey
3.4 4.4 53 7.0 Beam

- - 1.1 2.4 Storey

0.0 0.0 0.0 0.0 Column  Ninth storey
0.0 0.0 11 2.6 Beam

height (recall that ground motions were scaled to produce the¢hat far-fault records generally produce more variability in

same target roof displacement). In most cases, the invertethe demands than near-fault records.

triangular pattern is found to come closest to the mean time- On the other hand, the proposed procedure is shown to pre-

history estimates of far-field strong motion records. The otherdict the drift profiles for all six buildings with relatively better

three load patterns tend to overestimate or underestimate deccuracy. The proposed procedure slightly overestimates or

mands at the lower levels because these patterns typicallynderestimates the drift in some cases but captures the over-

result in higher loads being applied at the lower floors. all effects of higher mode contributions more consistently for
The peak deformed shape along the heights of the buildnear-fault records.

ings shows that the NSP-3 pushover envelope consistently

overestimates the peak storey displacements in the low and-2 Storey level demands

intermediate storey levels for all buildings and ground mo- . . . .
tion types investigated, while NSP-2 underestimates the disiNterstorey drift has long been recognized as an important in-
dicator of building performance. During an earthquake, the

placements at almost all levels. The NSP-1 and NSP-4 proce- ) o .
dures both result in similar estimates and generally yield bet!Nterstorey displacements vary with time as different modes

ter estimates of the peak displacement. It is interesting thagomlnaf[e the response. On the other hand, pushover meth-
storey displacement demands from nonlinear static are al2dS Which use invariant load patterns produce a consistent

ways conservative for far-fault records. Comparing the time-Patter of interstorey demand up to initial yielding, follow-

history responses for the different ground motions indicatednd Which the storey demands become localized and depend
on the storey level to experience first excursion beyond the

elastic state.
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Interstorey demands are plotted in Figs. 11 through 13roof drift are displayed in Figs. 14 through 16 for all mod-
for the three building models. The mean magnitudes at eackls. The initial yielding of an element occurs first when using
storey for each record correspond to the maximum demand &XISP-1. This loading pattern also produces a response with
that storey throughout the duration of the event. Section (athe least system stiffness and the lowest base shear capac-
of the figures demonstrates constant ratio of shear force tity. However, the difference in base shear capacity between
building weight and section (b) of the figures shows constanthe different patterns decreases with storey height. The de-
ratio of roof displacement to building height. The most im- sign base shear of each building is identified in these plots
portant observation resulting from the nonlinear time-historyfor comparison.
evaluation is that the peak storey demands vary from one The information generated in Tables 6 through 8 repre-
record to the next. While several earthquakes impose thesents the fundamental measures of demand at the global
largest demand at lower levels, there are a number of casdsvel. The inherent ductility of the system is typically evalu-
when the largest demands occur at different levels. In genated using the responses shown in Figs. 14 through 16. These
eral, pushover methods tend to overestimate the storey deslots contain two elements of the reduction (or R factor) used
mands at the lower levels and underestimate them at the upn modern building codes: the difference between first yield
per levels. The discrepancy becomes more apparent with inef an element and eventual yield of the system contains infor-
creasing storey height (or longer fundamental periods). mation on the redundancy in the system while the response

For the entire set of analysed buildings, significant higherbeyond the system yield up to the target deformation is a
mode contributions are evident, resulting in the migration of measure of the ductility-based reduction factor.
dynamic drifts from the lower to the upper stories. The NSP- As seen in Tables 6 through 8, FEMA-356 NSP proce-
2 methodology grossly underestimates the drifts in upper stodures are not sufficiently accurate for the determination of
ries and overestimates them in lower stories, except for thehese ductility demands, and the proposed procedure gener-
10-storey building, in which only the lower level demands ally yields better results than FEMA pushover analysis pro-
are captured adequately. Conversely, the NSP-3 always urcedures.
derestimates the drifts at the lower levels and overestimates
them at the upper storey levels. NSP-4 and NSP-1 yield bet-
ter estimates of drift demands compared to NSP-2 and NSP-

3. However, in all cases, upper level demands are underestB Conclusions

mated by the nonlinear static procedures. On the other hand,

the proposed procedure is shown to predict the drift profilesit has long been recognized that near-fault motions charac-
of all four buildings with relatively better accuracy. The pro- terized by forward directivity effects are potentially more
posed procedure slightly overestimates or underestimates thdamaging than far-fault motions, but the consequences of
drift in some cases but captures the overall effects of highefling-step displacements have not been as well understood.
mode contributions more consistently for both far-fault and Conventional seismic practice is based on elastic procedures
near-fault records. that rely on force reduction factors. Such approaches rely

The uniform distribution which is independent of the primarily on global demand estimates to evaluate the ex-
earthquake characteristics yields quite different results fronpected performance of a building. This paper attempts to in-
other analyses for all response quantities. When the nonlinvestigate the validity of nonlinear static approaches to es-
ear dynamic analysis results are taken as reference, it is se¢imate local demands and to explore correlations between
that for constant ratio of roof displacement to building height storey and global demands. Pushover methods are undoubt-
cases, this distribution yields very high values for floor dis- edly an improvement over existing elastic force-based pro-
placements in all stories of the frame, very low values for cedures and they provide critical information on potential
storey drift and displacements in constant ratio of shear forcecollapse mechanisms and the vulnerability of buildings. For
to building weight cases. This distribution yields better val- structures responding primarily in the first mode, nonlinear
ues only for a few of the bottom stories. static methods may be a reliable option to estimate inelastic

The first mode distribution (NSP-1) which is independent demands. Designing a building to achieve a certain ductil-
of the earthquake characteristics yields better characteristity demand can result in much larger demands at the local
results for far-fault records. The higher modes are not verylevel. Caution must be exercised when using nonlinear static
operative on the behaviour of the frame due to frequency conprocedures since the lateral load pattern used to estimate de-
tent of far-fault records. However, the storey displacementanands can have a significant influence on the computed de-
and drifts in the upper stories of the frame cannot be determands. When compared to nonlinear time-history estimates,
mined by the first mode distribution due to the higher modepushover methods tend to underestimate demands at the up-
effects. In comparison with the other nonlinear proceduresper levels, signifying the relevance of high mode participa-
a generalized power distribution yields very high values fortion in structures under near-field earthquakes.
floor displacements at all stories of the building. The capacity Based on this study, an evaluation of the predicted de-
curves which show the total base shear as a function of thenands (such as peak displacement profile and interstorey
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drifts) by the different NSPs forms the basis for the following Gulkan, P. and Sozen, M. A.: Inelastic response of reinforced con-
conclusions: crete structures to earthquake motions, ACI Structural Journal,
) 71, 604-610, 1974.

1. The FEMA-356 method (wherein the envelope of two Gupta, B. and Kunnath, S. K.: Adaptive spectra-based pushover pro-
response measures was considered) provides inadequatecedure for seismic evaluation of structures, Earthg. Spectra, 16,
predictions of peak interstorey drift at the upper-storey 367-392, 2000.
levels when higher mode contributions are significant. Huang, K. and Kuang, J. S.: On the applicability of pushover anal-

ysis for seismic evaluation of medium- and high-rise buildings,
2. Compared to NSP-1 and NSP-3 procedures, NSP-2 pro- The Structural Design of Tall and Special Buildings, 19, 573—

vides storey drift estimates that are generally much 588, 2010.

closer to the mean NTH estimates for far-field earth- Iranian Code of Practice for Seismic Resistant Design of Buildings,

guakes. However, since the method ignores the inelastic Standard NO. 2800-05, Building and Housing Research Center,

contribution of higher modes, it is unable to reasonably ~2005.

predict demands in the upper stories. Jan, T. S_., Liu, M. W,, and Kgo, Y C. An l_Jpper-bound pus_hove_er
analysis procedure for estimating seismic demands of high-rise

3. Itis shown that NSPs based on invariant load vectors us- buildings, Eng. Struct., 26, 117-128, 2004.
ing elastic modal properties cannot capture the Changega”(an, E. and Kunnath, S. K.: Adaptive modal combination proce-
to the dynamic modes resulting from inelastic action. —dure for nonlinear static analysis of building structures, J. Struct.

The variation of inertial forces must be considered in ENg., 132, 1721-1731, 2006.

static procedures that attempt to reproduce inelastic dyXrawinkler, H. and Seneviratna, G. D.. Pros and cons of pushover
analysis of seismic performance evaluation, Eng. Struct., 20,

namic response. 452-464, 1998.

4. The proposed procedure provided the best overall matc#funnath, S. K., Reinhorn, A. M., and Lobo, R. F.: IDARC Version
to NTH results. In general, the method is able to repro- 3.0 — a program for inelastic damage analysis of reinforced con-
duce the essential response features, thereby providing a crete structure_s, National Center for Earthquake Englneer_lng Re-
reasonable measure gf the likely contributioz zf highe? search, Technical Report no. NCEER-92-0022, State University

des in all oh £1h of New York, Buffalo, 1992.
modes in all phases of the response. Lefort, T.: Advanced pushover analysis of RC multi-storey build-

ings, MSc dissertation, Engineering Seismology and Earthquake

Engineering Section, Imperial College, London, UK, 2000.
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